INTRODUCTION
============

Hepatocellular carcinoma (HCC) is the third most common cause of cancer-related death worldwide and its incidence is increasing.[@B1],[@B2] In patients in the early stages HCC, hepatic resection is the treatment of choice, but even after curative resection, recurrence is common, and is the main cause of death.[@B1],[@B3] However, there are no adequate adjuvant therapies for HCC patients who have undergone curative hepatic resection except interferon.[@B4] Moreover, most HCC patients are diagnosed at advanced stages, and the prognosis for advanced HCC is currently very poor.[@B5],[@B6] The only effective systemic agent is sorafenib, which has shown modest effects in prolonging survival.[@B7] The progression of HCC from preneoplastic lesions to advanced HCC occurs stepwise. Therefore, investigation into the disturbed signaling pathways relative to hepatocarcinogenesis could provide invaluable information in the development of new preventive, and therapeutic options.[@B8]

Fibroblast growth factor (FGF)/ FGF receptor (FGFR) signaling has been reported to be involved in the progression of many cancers[@B9] and there is also increasing evidence for the role of FGF signaling in hepatocarcinogenesis.[@B10],[@B11],[@B12],[@B13] FGF/FGFR signaling has evolved to become a highly complex growth factor signaling pathway. The mammalian FGF family comprises 18 ligands, which exert their actions through four highly conserved transmembrane tyrosine kinase receptors (FGFR1, FGFR2, FGFR3, and FGFR4).[@B9] There have been several studies that have focused on individual FGFR isotypes in HCC. However, the expression patterns of multiple FGFR isotypes in HCC and in neighboring liver tissues have not been fully evaluated other than in one small study.[@B14] Moreover, although there have been several studies of the potential role of each FGFR isotype in hepatocarcinogenesis,[@B10],[@B11],[@B12],[@B13] the reported results are inconsistent. Hence, the FGFR isotype expression pattern in human HCC and its association with the clinical outcomes of this disease remains still unclear.

The aims of our present study were to assess the FGFR isotype expression pattern in HCC and neighbouring non-neoplastic liver from resected human tissues and elucidate its prognostic implications.

PATIENTS AND METHODS
====================

Study population and validation set
-----------------------------------

In total, 870 HCC patients who had undergone surgical resection at the Asan Medical Center between 1998 and 2004 were evaluated for FGFR isotype expression. Of these, the 153 HCC patients who had received a curative resection as a primary therapy between 2003 and 2004 were selected for assessing clinical outcome (development set, [Supplemental Fig. 1](#S4){ref-type="supplementary-material"}). A total of 267 cases received a curative resection in that period. We excluded 99 cases due to other treatments before hepatic resection, 12 cases who were diagnosed with double primary cancer, and three cases due to incomplete data. The clinical data for the remaining 153 patients were reviewed, and the association between FGFR isotype expression and overall survival were evaluated. In this development set, 130 patients (85.0%) were male and the median age was 52 years (range: 17-80 years). The differences in the baseline clinicopathological characteristics according to each FGFR isotype expression pattern in HCC tissues are described in [Table 1](#T1){ref-type="table"} and [Supplemental Table 1](#S1){ref-type="supplementary-material"}. FGFR3 and 4 positivity was observed more frequently in male HCC patients (*P*=0.01 and *P*=0.03, respectively), other than that, there were no significant clinicopathological differences found according to each FGFR isotype expression.

To validate our FGFR isotype expression analysis and its clinical implications, we selected an additional 73 HCC patients (56 males \[76.7%\]; median age, 55 years \[range: 28-79 years\], [Supplemental Table 2](#S2){ref-type="supplementary-material"}) obtained from an independent cohort which included HCC patients who had received a curative resection as their primary therapy between 2007 and 2009. In this validation set, we performed western blotting of FGFR2 and also validated the association between FGFR2 expression and overall survival were evaluated. There were no significant clinicopathological differences found between the patients with FGFR2-positive or -negative HCC ([Supplemental Table 3](#S3){ref-type="supplementary-material"}).

This study protocol was approved by the institutional review board of the Asan Medical Center (protocol no. 2007-0332 and 2011-0115) in compliance with the Declaration of Helsinki. Informed consent was not obtained, because the data were retrospectively collected after the completion of treatment. Patient records/information was anonymized and de-identified prior to analysis.

Tissue microarray construction
------------------------------

For FGFR isotype expression analysis, we established 55 tissue microarray slides using formalin-fixed paraffin-embedded tissues from our 870 surgically resected HCC and neighboring non-neoplastic liver tissue samples. Representative areas of tumors were marked on hematoxylin and eosin-stained slides. Duplicates of two cores from the tumor tissue and one core from the non-neoplastic liver tissue, measuring 1.5 mm in diameter, were arrayed from the corresponding paraffin blocks into a recipient block using an arraying machine (Tissue microarrayer; Pathology Devices, Westminster, MD, USA). The first 4 µm sections from these arrays were examined for validation purposes, and additional sections were used for immunohistochemistry.

Immunohistochemistry
--------------------

Immunohistochemical staining for FGFR1-4 was performed using tissue microarray slides with the Ventana Benchmark automated staining system (Ventana Medical Systems, Tucson, AZ, USA). The primary antibody against FGFR 1-4 are indicated in [Table 2](#T2){ref-type="table"}. Tissue sections of 4 µm were transferred onto poly-L-lysine-coated adhesive slides and dried at 62℃ for 30 minutes. Antigens were retrieved by heating the sections for one hour in CC1 diamine tetraacetic acid, pH 8.0. After primary antibody incubation for 32 minutes at 37℃, detection was carried out with the Ventana Ultraview DAB detection kit.

Evaluation of immunohistochemistry results
------------------------------------------

All slides were independently evaluated by two pathologists who co-authored this study (EY, HJK). The expression profiles of FGFR2 and FGFR4 were scored according to staining intensity (0, negative; 1, weak; 2, moderate; 3, strong) and the proportion of positively stained cells. The HCC cases were considered positive for FGFR2 and FGFR4 when the staining intensity was moderate to strong and the proportion of positively stained cells was greater than 10%. The expression profiles of FGFR1 and FGFR3 were only scored according to their proportion of positive cells, because the staining intensities for FGFR1 and FGFR3 were weak to moderate and the proportion of positive cells was low for these isotypes. The HCC cases were considered positive for FGFR1 and FGFR3 when the proportion of positively stained cell was greater than 10%.

Western blotting
----------------

The 73 HCC and neighboring liver tissue samples in the validation set, which were stored in liquid nitrogen, were homogenized in chilled lysis buffer (1X RIPA buffer, Cell Signaling Technology Inc., Beverly, MA, USA), and then placed on ice for 20 min. After centrifugation at 13,000 rpm for 20 min at 4℃, the supernatants were collected as protein samples. Protein contents were measured using a Bradford assay, resolved on SDS-PAGE gels and transferred to polyvinylidene difluoride membranes. After blockage of non-specific binding sites for 1 h with 5% skim milk diluted in Tris buffered saline with Tween 20, the polyvinylidene difluoride membrane was incubated overnight at 4℃ with primary antibodies (anti-FGFR2 antibody; Abnova, Taipei city, Taiwan), and then rinsed 3 times by 10 mins with Tris buffered saline with Tween 20. The membrane was then incubated further with HRP-conjugated secondary antibodies at room temperature, and then washed three times with 0.15% Tris buffered saline with Tween 20. Signals on these immunoblots were detected using the ECL kit (Amersham Life Sciences Inc., Buckinghamshire, UK).

Statistical analysis
--------------------

Differences in continuous variables between two groups were evaluated using the Student *t*-test, and differences in categorical variables were evaluated with the χ^2^ test or Fisher\'s exact test. McNemar\'s test was used to evaluate differences in matched pairs with a dichotomous trait. The Kaplan-Meier method was used to calculate and display overall survival curves, and the log-rank test was performed to determine differences among all groups. Univariate prognostic factors were entered into a Cox proportional hazards model using stepwise selection to identify independent predictors of death. Statistical significance was defined by a *P*-value of \<0.05. The SPSS statistical software (version 18.0; SPSS, Chicago, IL, USA) was used for all analyses.

RESULTS
=======

FGFR isotype expression patterns in HCC and neighboring liver tissues
---------------------------------------------------------------------

Immunohistochemical staining analysis for FGFR1-4 in HCC and neighboring liver tissues is shown in [Figure 1](#F1){ref-type="fig"} and [2](#F2){ref-type="fig"}, respectively. The expression of all four FGFR isotypes in HCC cells was found to be cytoplasmic ([Fig. 1](#F1){ref-type="fig"}). Neighboring non-neoplastic hepatocytes also showed cytoplasmic expression of FGFR1 and 4 in some cases ([Fig. 2A, D](#F2){ref-type="fig"}), but FGFR2- and FGFR3-positive cells were not detected in non-neoplastic liver tissues ([Fig. 2B, 2C](#F2){ref-type="fig"}).

The frequencies of FGFR isotype expression in all 870 samples in the study cohort are indicated in [Table 3](#T3){ref-type="table"}. FGFR1 expression was observed in a small number of both HCC (5.3%) and neighboring liver tissues (5.9%). FGFR2 and 3 expression was observed only in HCC tissues (18.7 and 3.8%, respectively). FGFR4 expression was observed most frequently in both HCC (52.9%) and neighboring liver tissues (82.9%). There was a statistically significant difference in the expression levels of FGFR2, 3 and 4 between HCC and neighboring liver tissue. The frequencies of FGFR isotype expression in the 153 patients for whom clinical data were available (development set), are listed in [Table 3](#T3){ref-type="table"}. FGFR1 expression was significantly higher in neighboring liver tissues (9.2%) than in HCC (2.6%). FGFR3 expression in HCC tissues was observed less frequently than 870 full study population (2.6%). FGFR2 and FGFR4 isotype expression patterns of the 153 samples in our clinical data appeared to be grossly similar to those in the full 870 sample.

Patients with FGFR2-positive HCC show a significantly poorer overall survival outcome
-------------------------------------------------------------------------------------

We generated Kaplan-Meier survival curves of 153 HCC patients (development set) who we stratified for each FGFR isotype expression ([Fig. 3](#F3){ref-type="fig"}). FGFR2-positive HCC patients showed a poorer overall survival rate than FGFR2-negative cases and this difference was found to be statistically significant (5 year survival rate (YSR), 35.3% vs. 61.8%; *P*=0.02; [Fig. 3B](#F3){ref-type="fig"}).

The overall survival rates of the patients with FGFR1-positive HCC were poorer than FGFR1-negative cases (5 YSR of 25.0% vs. 59.7%), but as only four of our patients showed FGFR1-positive HCC, this was not statistically significant (*P*=0.17; [Fig. 3A](#F3){ref-type="fig"}). The 5 YSR of the patients with FGFR3-positive or -negative HCC was 25.0% and 59.7%, respectively, but as found for FGFR1, the number FGFR3-positive HCC cases was only 4 and the difference was again not significant (*P*=0.16; [Fig. 3C](#F3){ref-type="fig"}). In addition, the overall survival rates of the patients with FGFR4-positive or -negative HCC showed no statistical difference (5 YSR 63.4% vs. 54.9%, *P*=0.11; [Fig. 3D](#F3){ref-type="fig"}).

FGFR2 expression in HCC is an independent predictor of a poor postsurgical prognosis
------------------------------------------------------------------------------------

[Table 4](#T4){ref-type="table"} lists the results of our univariate and multivariate analysis of the 153 HCC patients to identify FGFR isotypes that are possible prognostic factors. These analyses thus included clinicopathologic characteristics (i.e., age, sex, Child-Pugh class, serum alpha fetoprotein, HCC morphology, American Joint Committee on Cancer (AJCC) T stage, portal vein invasion, Edmondson-Steiner grade) and the expression status of each FGFR isotype. Univariate analysis using a Cox regression model showed that a female sex (*P*=0.01), Child-Pugh class B (*P*\<0.01), infiltrative type HCC (*P*=0.04), T3 stage (*P*\<0.01) and positive FGFR2 expression of HCC (*P*=0.02) as significant prognostic markers for HCC compared with the relevant baseline conditions. Multivariate analysis using a Cox regression model on the same set of patients identified Child-Pugh class B (*P*\<0.01), AJCC T3 stage (*P*=0.02), and positive FGFR2 expression of HCC (*P*=0.02) as independent predictors of a poor prognosis in terms of postsurgical survival of HCC patients.

Validation of the FGFR2 analyses in an independent cohort
---------------------------------------------------------

We analyzed a cohort of 73 additional HCC patients to validate our FGFR2 data and their clinical implications for HCC patients. FGFR2 expression was measured by western blotting in this validation set ([Supplemental Fig. 2](#S5){ref-type="supplementary-material"}) and was detected in 28.8% of the HCC tissue samples. Survival analysis showed a shorter overall survival trend in the FGFR2-positive HCC patients in the validation set (5 YSR, 49.7% vs. 71.2%) but this failed to reach clinical significance (*P*=0.19; [Fig. 4](#F4){ref-type="fig"}). In multivariate analysis to identify prognostic factors for HCC, the hazard ratio of positive FGFR2 expression in HCC was 2.18 and showed borderline significance (*P*=0.07).

DISCUSSION
==========

The present study demonstrated, for the first time, FGFR isotype expression patterns in HCC and neighbouring non-neoplastic liver tissue in a large HCC patient cohort. The notable findings were that FGFR2 expression was observed only in human HCC tissue (18.7%), but not in neighboring non-neoplastic liver tissue, suggesting that hepatocytes might express high levels of FGFR2 under hepatocarcinogenesis conditions. Positive FGFR2 expression in HCC tissues was an independent prognostic factor for postsurgical survival in HCC patients in the large cohort, though this finding was not proved in the validation set.

FGFRs are thought to be involved in critical cellular processes, and induces multiple signal transduction pathways in the cell which have been shown to be up-regulated in many types of cancers.[@B15] Of the four FGFR tyrosine kinases, FGFR2 has been reported to be involved in cell proliferation, differentiation, motility, and angiogenesis and dysregulation of this molecule has been associated with cancer development.[@B16],[@B17] Regarding HCC, several studies have reported the important roles that disrupted FGFR2 signaling pathways play in HCC progression. An in vivo study of 38 HCC tissues obtained from Hepatitis C virus patients with HCC has reported that FGFR2 is overexpressed in higher T stage than lower T stage tumors.[@B18] Another clinical study of 46 HCC patients who underwent curative hepatectomy has reported that the high FGFR2 expression correlated significantly with a poor histological differentiation, a higher incidence of portal vein invasion, and poor prognosis.[@B11] Our study of a large cohort of HCC patients could provide evidence to support the clinical implication of FGFR2 expression in HCC by showing that FGFR2 is only expressed in HCC tissues, and that FGFR2 positivity in HCC tissues is associated with poor overall survival rates in the large cohort, though this finding was not proved in the validation set. We intended to validate the result from the development set in an additional, independent HCC cohort. However, only liquid nitrogen-stored sample were available in this cohort, so we had no choice but to use western blot. The discrepancy between the prognostic results of the development set and those of validation set, is probably due to the differences in the evaluation methods for FGFR2 expression, as well as the relatively small number of patients in this additional cohort. Taken together, the evidence from previous reports and our current study indicates that signaling through FGFR2 may contribute to the development or progression of HCC, and may also be a valuable prognostic indicator of survival in this disease. These findings further suggest that the blockade of FGFR2 might offer a potential therapeutic option in HCC.

The established genetics of FGFR2 in cancer include gene amplification, missense mutations, and single nucleotide polymorphisms (SNPs).[@B19] Gene amplification and overexpression of FGFR2 are known to occur in human breast cancer[@B20] and gastric cancer.[@B21] Despite the increasing evidence implicating altered FGFR2 expression in the etiology of HCC, the genetics of FGFR2 and the downstream molecular effects of enhanced FGFR expression in this cancer remain unclear. Further study is warranted to investigate the genetics of FGFR2 and effects of altered FGFR2 expression on downstream signaling in HCC.

Of the four FGFR tyrosine kinases, FGFR4 is dominant in mature hepatocytes.[@B22] The expression of other FGFR isotypes in the liver appears to be limited to nonparenchymal cells and hepatocyte progenitors.[@B23],[@B24] Our current findings are that FGFR4 is expressed in most of the non-tumor liver tissues (82.9%), and interestingly, that FGFR4 expression is reduced significantly in paired HCC tissues. Several previous studies have investigated the role of FGFR4 in HCC, and the FGF19/FGFR4 system is the most studied mechanism in relation to this role. Recently, a report of 40 human HCC tissues showed that FGF19 is expressed at significantly higher levels in HCC, and that FGF19 and FGFR4 inhibition suppresses proliferation and increases apoptosis in HCC cell lines.[@B25] In addition, it has been reported also that FGF19/FGFR4-mediated downstream signaling is significantly reduced in tumor samples from mice treated with the FGF19-neutralizing antibody compared with control mice.[@B26] These findings suggest that the FGF19/FGFR4 system plays a critical role in HCC progression. However, there are also several reports with contradictory findings. A recent study reported that the genetic deletion of FGFR4 markedly accelerates hepatocarcinogenesis initiated by a single neonatal exposure to the hepatocyte-activated pro-carcinogen diethylnitrosamine, indicating that FGFR4 suppresses hepatoma progression.[@B13],[@B27] Although our present finding did not show any evident clinical findings regarding FGFR4 expression in HCC, the difference in FGFR4 expression patterns between HCC and non-tumor liver tissues was a remarkable finding. Therefore, further evaluation to elucidate the exact role of FGFR4 in HCC would be invaluable.

FGFR1 and FGFR3 are also thought to play a role in hepatocarcinogenesis. FGFR1 expression in the liver appears to be limited to non-parenchymal cells and hepatocyte progenitors.[@B23],[@B24] However, the ectopic expression of FGFR1 has been proved in HCC and is known to promote the development of HCC in response to carcinogenic stimulation.[@B28] FGFR1-mediated signaling is involved in cancer cell growth and infiltration, as well as in angiogenesis.[@B22] A recent study showed that treatment with a combination of interferon-α/β and anti-FGFR1 monoclonal antibody suppresses HCC cell growth *in vitro* and *in vivo*.[@B29] In addition, another study using 65 human HCC samples showed that the downregulation of miR-214 in HCC and the upregulation of its target gene FGFR1 is associated with HCC progression.[@B30] These studies suggest that FGFR1 could be used as a novel therapeutic target in HCC. FGFR3 is also involved in cell growth control, cell differentiation, and migration.[@B31] A recent study using 43 human HCC samples revealed that the expression of FGFR3 increased significantly in HCC, and the overexpression of FGFR3 was correlated with poor tumor differentiation and high nuclear grade.[@B32] Therefore, the activation of FGFR3 may play an important role in hepatocarcinogenesis. Two studies reported the overexpression of FGFR1 and FGFR3 in HCC compared with non-neoplastic liver tissue using human tissues, but they involved a relatively small number of samples (n=65 and n=43, respectively).[@B30],[@B32] Hence, the true prevalence of the overexpression of FGFR1 and FGFR3 in the general HCC population is unknown to date. The present study which used a large HCC cohort showed that FGFR1 and FGFR3 were expressed in only a very small number of early-stage HCCs; this finding is different from the results of previous studies.[@B30],[@B32] These discrepancies could be explained by various conditions, including different antibodies, and differences in the analysis methods used and the number of samples or the heterogeneous HCC population. We speculate that although FGFR1 and FGFR3 have some role in hepatocarcinogenesis, they might only act in limited circumstances of patients or specific stages of carcinogenesis. However, it is still difficult to draw a definitive conclusion; additional larger studies, including those on advanced HCC, are needed to identify the roles of FGFR1 and FGFR3, accompanied by research to determine their mechanisms.

Our present analysis has several limitations to note. The tissue samples used in our experiments were obtained from HCC patients who underwent curative resection. Hence, our data are unlikely to reflect the clinical outcomes of advanced HCC because the patients included in our study cohort had relatively early stage HCCs. FGFRs are thought to be involved in various steps of carcinogenesis and the FGFR expression pattern of advanced HCC and early HCC may well be different. Another limitation is that we did not evaluate the pathological characteristics of neighboring liver tissues. The FGF/FGFR signaling axis is also a contributor to fibrosis in the liver,[@B33],[@B34] the FGFR expression profile of neighboring liver tissues may be associated with the fibrosis level. The difference of the evaluation methods for FGFR2 expression between the development set and the validation set is also one of limitation.

Nevertheless, our current data have important clinical implications for HCC because we have reported the first large scale analysis of FGFR isotype expression and the prognostic implications of this for HCC patients. Our data on the FGFR isotype expression profile in human liver tissues and its relationship to clinical outcomes might provide a valuable basis for the future development of novel HCC therapies, particularly molecular targeted therapies. In conclusion, positive FGFR2 expression in HCC tissues could be an independent prognostic marker of postsurgical survival in HCC patients. Hence, FGFR2 expression in HCC has potential utility as a prognostic biomarker for HCC patients after hepatic resection, and as a novel molecular therapeutic target for this disease.
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###### Supplemental Table 1

Comparison of the baseline characteristics between the FGFR-isotype-positive and -negative groups in HCC tissue

###### Supplemental Table 2

Comparison of the baseline clinicopathological characteristics between the development and validation sets

###### Supplemental Table 3

Comparison of the baseline characteristics between the FGFR2-positive and -negative groups in HCC tissue (validation set)

###### Supplementary Figure 1

The study population.

###### Supplementary Figure 2

Expression of fibroblast growth factor receptor 2 as defined by Western blot analysis in nonneoplastic liver tissue and hepatocellular carcinoma. Signals on these immunoblots were detected using an electrochemiluminescence kit; they were normalized to the γ-tubulin signal. N, nonneoplastic liver tissue; T, tumor tissue; (-), negative signal for FGFR2; (+), positive signal for FGFR2.

![Representative immunostaining results for FGFR1-4 in HCC tissue. (A) FGFR1 staining showing weak and focal expression. (B) FGFR2 staining showing strong and diffuse expression. (C) FGFR3 staining showing weak-to-moderate and diffuse expression. (D) FGFR4 staining showing strong and diffuse expression. Original magnifications, ×400 and ×40 (insets).](cmh-21-60-g001){#F1}

![Representative immunostaining results for FGFR1-4 in nonneoplastic liver tissue neighboring the HCC tumor tissue. (A) FGFR1 staining showing weak and focal expression in the cytoplasm. (B) No signal for FGFR2 and -3. (D) FGFR4 staining showing strong and diffuse expression in the cytoplasm. Original magnifications, ×400 and ×40 (insets).](cmh-21-60-g002){#F2}

![Kaplan-Meier survival estimates according to the expression levels of (A) FGFR1, (B) FGFR2, (C) FGFR3, and (D) FGFR4 in HCC tissue (development set).](cmh-21-60-g003){#F3}

![Kaplan-Meier survival estimates according to the FGFR2 expression levels in HCC tissue (validation set).](cmh-21-60-g004){#F4}

###### Comparison of the baseline characteristics between the FGFR2- and FGFR4-positive and -negative groups in HCC tissue
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FGFR, fibroblast growth factor receptor; HCC, hepatocellular carcinoma; HBV, hepatitis B virus; HCV, hepatitis C virus.

###### Immunohistochemical staining methods used to detect the expressions of FGFR1-4
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FGFR, fibroblast growth factor receptor.

###### Frequencies of FGFR isotype positivity in HCC and neighboring liver tissue from 870 HCC patients who underwent hepatic resection between 1998 and 2004 (study population), and in 153 HCC patients who underwent curative hepatic resection as a primary treatment between 2003 and 2004 (development set)
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FGFR, fibroblast growth factor receptor; HCC, hepatocellular carcinoma.

###### Univariate and multivariate analyses of the prognostic factors affecting the survival of HCC patients in the development set

![](cmh-21-60-i004)

HCC, hepatocellular carcinoma ; CI, confidence interval; AJCC, American Joint Committee on Cancer; FGFR, fibroblast growth factor receptor.
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